Introduction
============

Malaria remains a leading cause of morbidity and mortality from infectious disease ([@msv005-B24]), with over 200 million new cases and more than half a million deaths annually, despite increased efforts to control and eradicate the disease ([@msv005-B68]). The age of *Plasmodium* species informs our understanding of malaria transmission and, in particular, the likelihood of zoonosis. However, the timing of the divergence of these species from their close relatives remains highly controversial ([@msv005-B22]; [@msv005-B52]; [@msv005-B27]; [@msv005-B53]; [@msv005-B62]; [@msv005-B55]). Estimates of the age of the split between *Plasmodium falciparum* and *P. reichenowi* (the latter a chimpanzee parasite) range from 5 to 7 Ma ([@msv005-B12]; [@msv005-B27]; [@msv005-B55]), the estimated age of the split between their mammalian hosts ([@msv005-B59]; [@msv005-B70]; [@msv005-B23]), to as recently as 10,000 years ago ([@msv005-B52]). The divergence between *P. vivax* and the Old World monkey parasite *P. knowlesi* has been estimated to date from 20 to 30 Ma ([@msv005-B12]; [@msv005-B55]) to as recently as 2--3 Ma ([@msv005-B14]). Likewise, the origin of the *Plasmodium* clade that parasitizes mammals, originally believed to date back ≥100 My ([@msv005-B11]; [@msv005-B12]), has also been placed within the last 13 My ([@msv005-B53]). The corresponding studies obtained their age estimates by converting genetic polymorphism or divergence into time, on the specific assumption of the coevolution of a host--parasite species pair, or of a substitution rate. They shared a major weakness in relying on a small number of loci, whose polymorphism and divergence might not be representative of the entire genome. The availability of complete or high quality (HQ) draft genomes from several mammalian malaria parasites overcomes this weakness. These species include the primate parasites *P. falciparum*, *P. vivax, P. reichenowi,* and *P. knowlesi* ([@msv005-B16]; [@msv005-B28]; [@msv005-B3]; [@msv005-B48]), and the three rodent parasites *P. yoelii, P. chabaudi,* and *P. berghei* ([@msv005-B4]; [@msv005-B20]).

Here, our aim is to use genome-wide protein sequence divergence estimates to establish relative ages for specific speciation events occurring in the history of mammalian *Plasmodium*. Our basic premise is that if *Plasmodium* nuclear proteins evolve according to individual molecular clocks ([@msv005-B71]; [@msv005-B32]), then sequence divergence in different proteins is correlated across independent *Plasmodium* lineages and, consequently, the regression slope of the divergence between the proteins in two lineages reflects the relative age of those lineages ([fig. 1](#msv005-F1){ref-type="fig"}). We use *Plasmodium* genome sequences and the respective genome annotations to derive groups of orthologous single-copy genes across the seven species described above, and to obtain reliable estimates of divergence between protein sequences. In our statistical model, the clock for each protein has a specific rate, faster or slower, depending on the protein's functional and structural constraints ([@msv005-B2]). To investigate the existence of a molecular clock in *Plasmodium*, the model derives regressions and $R^{2}$-statistics from the data, to quantify the relative rate of evolution of different proteins and determine whether the relative rates remain constant across lineages. F[ig]{.smallcaps}. 1.Estimation of relative divergence times between lineages. (*a*) Example of three independent lineages for which amino acid divergences can be compared: lineage between taxa 1 and 7, lineage between taxa 3 and 4, and lineage between taxa 5 and 6; most recent common ancestor (MRCA) of each taxon pair at nodes I, II, and III, respectively. (*b*) Hypothetical relationship between protein sequence divergence (*d*~AA~) observed in lineages with MRCA at nodes I and II, in the presence of a protein molecular clock. Each point represents a protein present in all four taxa, with the *x* and *y* coordinates representing the amino acid divergence between taxa 1 and 7 and between taxa 3 and 4, respectively. The slope of the regression equals the ratio of the age of node I to the age of node II. (*c*) Hypothetical relationship between amino acid divergence observed in lineages I and II if the relative rate of protein evolution is not constant across lineages. The success of our approach relies on the existence of a protein-specific molecular clock, in which fast-evolving proteins in one lineage evolve rapidly in all other lineages and, similarly, slowly evolving proteins change comparatively little in all lineages.

We demonstrate that the evolution of proteins encoded by single-copy genes in *Plasmodium* conforms remarkably well to a simple molecular clock model, permitting us to establish relative ages for speciation events among mammalian *Plasmodium* species accordingly. Finally, we convert relative ages to absolute divergence times using a range of evolution rates observed in other eukaryotic taxa.

Results
=======

Amino Acid Divergences
----------------------

We obtained estimates of amino acid sequence divergence, *d*~AA~, between five pairs of species ([fig. 2](#msv005-F2){ref-type="fig"}), and the data are summarized in [table 1](#msv005-T1){ref-type="table"}. For each species pair, several hundreds to a few thousand proteins were compared. The size of the data set for each species pair mostly depended on the degree of completion of the published genome assemblies (Materials and Methods). Hence, comparisons between species with nearly closed genome assemblies, such as *P. vivax* and *P. knowlesi*, resulted in larger data sets than comparisons involving draft genomes, in particular those with low sequence coverage, such as *P. reichenowi*. For each species pair the range of amino acid sequence divergence spanned several orders of magnitude, as would be expected for a diverse set of proteins exposed to a wide variety of selective constraints imposed by both structure and function. If *Plasmodium* proteins evolve according to a protein molecular clock, then the most conserved proteins in one lineage will also be conserved in other lineages and, conversely, rapidly evolving proteins will diverge rapidly in all lineages. F[ig]{.smallcaps}. 2.Four lineage comparisons. Amino acid sequence divergence between *P. vivax* and *P. knowlesi* (thick gray) was compared with that observed for four other *Plasmodium* species pairs (thick black): (*a*) *P. falciparum* and *P. yoelii*; (*b*) *P. yoelii* and *P. chabaudi*; (*c*) *P. yoelii* and *P. berghei*; (*d*) *P. falciparum* and *P. reichenowi*. The species pair *Pv--Pk* is monophyletic relative to the other taxa. Therefore, the lineage defined by the tree-path from *Pv* to *Pk* is independent from those defined by any pairwise combination of the other species. Table 1.Protein Sequence Divergence Estimates.Pairwise Comparisons*G*[^a^](#msv005-TF1){ref-type="table-fn"}Median *d*~AA~ (Minimum--Maximum)*P. vivax--P. knowlesi*2,8200.179 (0.00001--2.62)*P. falciparum--P. reichenowi*4450.017 (0.00001--0.23)*P. yoelii--P. berghei*7610.053 (0.00001--4.04)*P. yoelii--P. chabaudi*4200.100 (0.00001--3.90)*P. falciparum--P. yoelii*1,5600.461 (0.00001--3.46)[^3]

The Molecular Clock Model
-------------------------

To test the existence of protein-specific molecular clocks, we use the following model: let $m_{1},\mspace{9mu} m_{2},\mspace{9mu} m_{3}$ and $m_{4}$ be any four malarial species. Consider only species pairs $(m_{1},\mspace{9mu} m_{2})$ and $(m_{3},\mspace{9mu} m_{4})$ that lie on nonoverlapping tree-paths (i.e., separate branches) of the corresponding phylogenetic tree ([fig. 1](#msv005-F1){ref-type="fig"}). The model assumes that each gene $g$ common to the four malarial species has its own characteristic rate of amino acid substitution $r(g)$, so that given the evolutionary time $t(m_{1},\mspace{9mu} m_{2})$ for divergence between the species $m_{1}$ and $m_{2}$, the amino acid sequence distance $d(m_{1},\mspace{9mu} m_{2};\mspace{9mu} g)$ between the species $m_{1}$ and $m_{2}$ within the gene $g$ (specified below) satisfies $$d(m_{1},m_{2};\mspace{9mu} g) = t(m_{1},m_{2})r(g),$$ that is, the amino acid sequence distance for a protein between two species is proportional to the species' divergence time and the amino acid substitution rate of the protein. Because similar considerations apply to $m_{3}$ and $m_{4}$, $$\frac{d(m_{3},m_{4};g)}{d(m_{1},m_{2};g)} = \frac{t(m_{3},m_{4})r(g)}{d(m_{1},m_{2})r(g)} = \frac{t(m_{3},m_{4})}{t(m_{1},m_{2})}.$$ Denote the final ratio by $\alpha(m_{1},m_{2},m_{3},m_{4}),$ a quantity reflecting the divergence time between $(m_{3},m_{4})$ in units of the divergence time between $(m_{1},m_{2})$. If our premise that a molecular clock exists is true, protein divergence in the two species pairs should be correlated, that is, $$d(m_{3},m_{4};g) = \alpha(m_{1},m_{2};m_{3},m_{4})d(m_{1},m_{2};g).$$ Accordingly, we compared the divergence in proteins encoded by single-copy genes between *P. vivax* and *P. knowlesi* to protein divergence in four other *Plasmodium* species pairs ([fig. 2](#msv005-F2){ref-type="fig"}; [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) online). Our pairwise approach overcomes problems posed by large differences in nucleotide composition between *Plasmodium* genomes and by incomplete genomes in some species. In particular, *P. vivax* and *P. knowlesi* have relatively high genomic GC content (\>37% GC) compared with all other species in this study (\<23% GC). Moreover, while species with completed genomes (e.g., *P. vivax, P. knowlesi*,** or *P. falciparum*) have the full complement of greater than 5,000 protein-coding genes available, species with draft genomes (e.g., *P. reichenowi*) have only a small fraction (Materials and Methods). A pairwise approach allows individual data sets to include genes not shared by all species in our study. The divergence between species pairs was compared using total least squares (TLS) regressions. TLS has an important advantage over Least Squares in that it takes into account the error associated with all regression variables, so it downweights points with large uncertainties in their *x* or *y* coordinates (Materials and Methods).

The model described above provides an excellent fit to the data. An $R^{2}$-statistic gave the fraction of the variation between lineages explained by pairwise correlations. The four data sets yielded values of $R^{2}$ from 47% to 83% ([fig 3](#msv005-F3){ref-type="fig"}; Materials and Methods). The difference in magnitude of $R^{2}$ between the four analyses depended largely on the divergence between the species pairs shown on the *x* axis (note that the species pair in the *y* axis is the same for all analyses). In particular, larger median values of *d*~AA~ of the species pair on the *x* axis corresponded to larger *R*^2^ values for the correlation ([table 1](#msv005-T1){ref-type="table"} and [fig. 3](#msv005-F3){ref-type="fig"}). At least three phenomena (and possibly all three together) explain these results. First, the stochastic variation in *d*~AA~ is relatively large for closely related species (being by rule of thumb roughly proportional to the square root of *d*~AA~). Second, speciation events are often associated with population bottlenecks ([@msv005-B44]; [@msv005-B26]), which lead to relatively high frequency of slightly deleterious substitutions. Finally, our methods detect most genes at small evolutionary distances, even those that are becoming pseudogenes, or evolving under diversifying selection, in one of the species. As genes accumulate indels, missense, and nonsense mutations our "HQ" data sets (Materials and Methods) fail to capture them. F[ig]{.smallcaps}. 3.Relationship of amino acid sequence divergence between independent *Plasmodium* lineages. In each plot, each point represents a protein present in the four taxa compared. The TLS regression fit (solid line) and 95% confidence intervals (dotted lines) are shown; the slope of the line, *α*, equals the ratio between the divergence time of each of four species pairs represented in the *x* axis relative to that of *P. vivax--P. knowlesi* ([fig. 2](#msv005-F2){ref-type="fig"}). Sequence divergence between *P. vivax* and *P. knowlesi* is compared with that between (*a*) *P. falciparum* and *P. yoelii* ($G$ = 1018; *α* = 0.285 ± 0.0027; *R*^2^= 0.83); (*b*) *P. yoelii* and *P. chabaudi* ($G$ = 280; *α* = 1.37 ± 0.035; *R*^2^= 0.73); (*c*) *P. yoelii* and *P. berghei* ($G$ = 497; *α* = 2.64 ± 0.047; *R*^2^= 0.66); (*d*) *P. falciparum* and *P. reichenowi* ($G$ = 280; *α* = 6.13 ± 0.163; *R*^2^= 0.47). Proteins with a slow or a fast clock are located near and far from the origin, respectively.

The large $R^{2}$ values conclusively show that the relative rate of evolution of single-copy genes has remained remarkably constant across independent *Plasmodium* lineages, a necessary condition for the existence of protein-specific molecular clocks. Our pairwise approach does not test whether the overall rate of evolution is unvarying between lineages, the other requirement of a protein-specific clock. However, similar values of *d*~N~/*d*~S~, the ratio of nonsynonymous to synonymous substitution rates, in different *Plasmodium* lineages strongly suggests a constant evolution rate across the genus ([@msv005-B55]). Remarkably, the protein-specific clock applies over a wide range in evolutionary rates ([fig. 3](#msv005-F3){ref-type="fig"}), a result crucial for phylogenetic studies across a range of divergence times ([@msv005-B2]). For each protein, the regression residual measures the protein's conformity to a clock ([supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) online).

Many *Plasmodium* genes evolving under strong diversifying selection will be absent from our data sets, because they will not satisfy the stringent homology criteria of our HQ data sets. In fact, of a set of 43 *P. faciparum* genes expected to evolve under positive selection ([@msv005-B67]) only seven are captured in at least one of our four comparisons ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) online). As expected for genes evolving under diversifying selection, *d*~AA~ for these genes is relatively high, with all values above the 50th percentile. The regression residual values associated with these genes are also relatively high (none is among the lowest 25th percentile), suggesting that patterns of positive selection are not necessarily constant across lineages, as previously observed ([@msv005-B67]).

Relative and Absolute Divergence Times
--------------------------------------

The slope of TLS regressions for the *P. vivax* and *P. knowlesi* pair with the four other species pairs specifies the relative ages of the corresponding four splits ([fig. 3](#msv005-F3){ref-type="fig"} and [table 2](#msv005-T2){ref-type="table"}). The age of the split between *P. vivax* and *P. knowlesi* is approximately 30% (or 0.285) of the age of the split between *P. falciparum* and *P. yoelii*, and it was approximately 1.4, 2.6, and 6.1 times older than the split between *P. yoelii--P. berghei*, *P. berghei--P. chabaudi,* and *P. falciparum--P. reichenowi*, respectively. The most recent common ancestor of these seven mammalian parasites is represented by the node that gave rise to the lineages leading to *P. falciparum* and to *P. yoelii* ([@msv005-B55]; [fig. 2](#msv005-F2){ref-type="fig"}). Accordingly, our results indicate that the sampled mammalian *Plasmodium* parasites had a common origin about 22 times earlier than the split between the youngest species pair in this data set, *P. falciparum* and *P. reichenowi*. Table 2.Divergence Times of Mammalian *Plasmodium* Parasites.Four-Way Comparisons*G*[^a^](#msv005-TF2){ref-type="table-fn"}Divergence of Pv--Pk Relative to Other Species Pairs[^b^](#msv005-TF3){ref-type="table-fn"} (95% CI)Age of Divergence of Each Species Pair, Calibrated with Two Eukaryotic Substitution Rates (My)Invertebrate RateMetazoan Rate* P. vivax--P. knowlesi*18.3[^c^](#msv005-TF4){ref-type="table-fn"}34.0[^c^](#msv005-TF4){ref-type="table-fn"}* P. falciparum--P. reichenowi*2806.13 (5.84--6.42)3.0 (2.9--3.1)5.5 (5.3--5.8)* P. yoelii--P. berghei*4972.64 (2.54--2.73)6.9 (6.7--7.2)12.9 (12.5--13.4)* P. yoelii--P. chabaudi*2601.37 (1.30--1.44)13.4 (12.7--14.1)24.8 (23.6--26.2)* P. falciparum--P. yoelii*1,0180.285 (0.280--0.290)64.2 (63.1--65.4)119.3 (117.2*--*121.4)[^4][^5][^6]

The absolute age of the split between *P. vivax* and *P. knowlesi* can be estimated by calibrating nucleotide divergence in synonymous sites between the two species (median *d*~S~ = 0.55 ± 0.0063; \[[@msv005-B3]\]) with the rate of synonymous substitution per site per year in metazoans, approximately 8.1 × 10^−9^ ([@msv005-B38]), and in invertebrates, approximately 1.5 × 10^−8^ ([@msv005-B35]; [table 2](#msv005-T2){ref-type="table"}). Accordingly, the split between *P. vivax* and *P. knowlesi* occurred an estimated 18--34 Ma, depending on the calibration rate used. The age of the split between *P. vivax* and *P. knowlesi* then yielded absolute ages of the split between remaining species pairs ([table 2](#msv005-T2){ref-type="table"}). According to these estimates, the age of the split between *P. falciparum* and its sister species *P. reichenowi* was about 3.0--5.5 Ma, rodent parasites diversified 13--25 Ma, and the sampled mammalian *Plasmodium* parasites had a common origin at least 64 Ma.

We applied this novel approach to dating divergence times to two other taxonomic groups with extensive genomics resources, in particular placental mammals ([@msv005-B7]) and *Drosophila* ([@msv005-B8]). Interestingly, the assumption that proteins evolve according to a simple molecular clock is not valid in the mammalian data set, and our method cannot be used ([supplementary methods S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1), [Supplementary](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) Material online). However, *Drosophila* proteins, much like those in *Plasmodium*, conform very nicely to a linear molecular clock model ([supplementary methods S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1), [Supplementary](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) Material online). The divergence times we obtained for different *Drosophila* clades using our TLS regression approach are remarkably similar to fossil and molecular data estimates ([@msv005-B63]; [@msv005-B17], [@msv005-B18]; [@msv005-B45]).

Plasmodium Evolution in the Context of Host Divergence Times
------------------------------------------------------------

The two age estimates obtained for each *Plasmodium* speciation event differ considerably ([table 2](#msv005-T2){ref-type="table"}), because the two eukaryotic evolution rates used to calibrate *d*~S\ (Pv--Pk)~ differ almost 2-fold. However, our results are quite informative in that they establish an age range within which the true speciation events are likely to fall ([@msv005-B14]; [@msv005-B52]; [@msv005-B27]; [@msv005-B36]; [@msv005-B53]; [@msv005-B50]; [@msv005-B55]; [@msv005-B64]).

The age of the split between *P. falciparum* and *P. reichenowi* is about 3.0--5.5 Ma. These species are each other's closest relatives, and because they were first identified in humans and chimpanzees, respectively, much of the discussion about their origin has been framed in terms of coevolution with their hosts versus the acquisition of *P. falciparum* by humans from chimps at a relatively recent time, postdating the split of the two host species ([@msv005-B14]; [@msv005-B52]; [@msv005-B27]; [@msv005-B53]; [@msv005-B55]). Recently, it has been proposed that *P. falciparum* is a zoonotic parasite from gorillas ([@msv005-B36]). Although this scenario remains to be validated ([@msv005-B50]; [@msv005-B55]; [@msv005-B64]), it is certainly plausible, and both alternatives need to be discussed. The age range for the divergence of the two parasite species overlaps the estimated divergence time between human and chimpanzee ([@msv005-B23]), and is congruent with the cospeciation of these *Plasmodium* species with their hosts ([@msv005-B12]; [@msv005-B27]). However, a parasite split postdating the human--chimpanzee split, with the parasite switching hosts before the origin of anatomically modern humans, possibly in the late Pliocene ([@msv005-B40]), is also compatible with the results. If indeed *P. falciparum* is primarily a parasite of gorillas ([@msv005-B36]), its split from *P. reichenowi* would have postdated that of the hosts, which occurred greater than 8 Ma ([@msv005-B51]; [@msv005-B59]; [@msv005-B70]). The corresponding sequences indicate, however, that the split between *P. falciparum* and *P. reichenowi* could not have occurred within the last 10,000 years ([@msv005-B52]), because a split so recent entails a rate of synonymous substitution in *Plasmodium* two orders of magnitude higher than any observed in eukaryotes. We also investigated the possibility that sequencing errors in the draft genome assembly of *P. reichenowi* inflated amino acid divergence relative to *P. falciparum*. We obtained all *P. reichenowi* sequences available in GenBank, and compared them to those in our preliminary annotation of the draft genome assembly (Materials and Methods). Of the 97 *P. reichenowi* protein sequences available, 41 had significant matches to 19 of the 698 *P. reichenowi* protein data set in our preliminary annotation ([supplementary table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) online). These 19 unique protein sequences are nearly identical to the sequences inferred from the genome assembly (sequence identity: median = 100%; average = 98.9%). Of the four out of 19 proteins for which sequence identity was less than 99% when compared with the draft genome, one is a hypothetical protein, and two others are homologous to *P. falciparum* antigens, and are therefore expected to have a high degree of amino acid sequence polymorphism. Therefore, although the draft genome assembly of *P. reichenowi* probably contains sequencing errors, the protein sample available suggests that the errors could not be sufficiently frequent to alter the estimates of divergence between *P. falciparum* and *P. reichenowi* noticeably.

Previous estimates of the age of the split between *P. vivax* and *P. knowlesi*, which placed the speciation event within the past 7 My ([@msv005-B14], [@msv005-B13]; [@msv005-B29]; [@msv005-B22]), all used mitochondrial sequences. However, the mitochondrial genome in *Plasmodium* has properties that lead to systematic underestimation of sequence divergence (see below), and is therefore unsuitable for dating. Our estimates, based on thousands of nuclear genes, place this split much earlier in time, between 18 and 34 Ma. Interestingly, the estimates overlap with the split of their respective hosts, apes (Hominoidea), and Old World monkeys (Cercopithecidae), about 24--38 Ma ([@msv005-B60]; [fig. 4](#msv005-F4){ref-type="fig"}). Most significantly, recent studies strongly suggest that in fact *P. vivax* originated in Africa, and that its closest taxa are parasites of chimpanzees and gorillas ([@msv005-B37]). F[ig]{.smallcaps}. 4.Origin of *Plasmodium* lineages and of their mammalian hosts. *Plasmodium* divergence estimates (vertical lines, connected by horizontal bar) as in [table 1](#msv005-T1){ref-type="table"}. Mammalian divergence times (rectangles): primates versus rodents approximately 91 My (75--101 My) ([@msv005-B43]); apes (Hominoidea) versus Old World monkeys (Cercopithecidae) approximately 29.6 My (24--38 My) ([@msv005-B60]); Muridae approximately 15 My ([@msv005-B61]); humans versus chimpanzee approximately 4.1--6.4 My; and chimpanzees versus gorilla approximately 8.3--8.6 My ([@msv005-B59]; [@msv005-B70]; [@msv005-B23]). *Plasmodium* parasites are largely contemporaneous with their mammalian hosts. In particular, *Plasmodium* mammalian parasites (defined by the MRCA of *Pf--Py*) originated over 60 Ma (green), the lineages leading to *P. vivax* and *P. knowlesi* (*Pv--Pk*) have coexisted with apes and Old World monkeys for approximately 20--30 My (red), and the divergence between *P. falciparum* and *P. reichenowi* (*Pf--Pr*) took place greater than 3 Ma (orange). Finally, *P. yoelii*, *P. chabaudi* and *P. berghei* (blue), all of which parasitize murine rodents, share a common ancestor around the time of the origin of the family Muridae. *Pb*, *P. berghei*; *Pc*, *P. chabaudi*; *Pf*, *P. falciparum*; *Pk*, *P. knowlesi*; *Pr*, *P. reichenowi*; *Pv*, *P. vivax*; *Py*, *P. yoelii*.

The rodent parasites included here, *P. yoelii*, *P. chabaudi*, and *P. berghei*, all parasitize murine rodents. The most recent common ancestor of the parasites lived between 13 and 25 Ma, suggesting that the diversification of these rodent parasites coincided with the radiation of the family Muridae, which occurred in the last 25 Ma ([@msv005-B61]).

Finally, our analyses place the origin of the mammalian *Plasmodium* in the late Mesozoic, between 64 and 120 Ma, an interval overlapping with the divergence between the primate and rodent lineages ([@msv005-B61]; [@msv005-B43]), strongly suggesting that mammals and *Plasmodium* have coexisted for much, and possibly all, of their evolutionary history ([fig. 4](#msv005-F4){ref-type="fig"}). Our results agree with studies placing the ages of the *P. falciparum--P. reichenowi* and *P. vivax--P. knowlesi* speciation events toward the older end of previous range estimates.

Discussion
==========

The rate of substitution in *Plasmodium* is unknown, precluding reliable age estimates for the most recent common ancestor of extant human parasite populations and for speciation events within the genus ([@msv005-B50]). Instead, published ages are often obtained by calibrating DNA sequence polymorphism (usually in *P. falciparum* or in *P. vivax* \[[@msv005-B30]; [@msv005-B13]; [@msv005-B29]; [@msv005-B42]\]) or sequence divergence between species ([@msv005-B22]; [@msv005-B53]; [@msv005-B47]) with a substitution rate inferred under the assumption of cospeciation of parasite species and their respective host. Examples include the cospeciation of *P. falciparum* and *P. reichenowi* with human and chimpanzees ([@msv005-B30]; [@msv005-B29]), the radiation of monkey parasites being coincident with that of their respective Old World monkey host species ([@msv005-B13]; [@msv005-B42]; [@msv005-B22]; [@msv005-B33]; [@msv005-B47]), or the cospeciation of avian species pairs and their respective *Plasmodium* parasites ([@msv005-B53]). Other studies have calibrated divergence with rRNA substitution rates estimated for bacterial or eukaryotic taxa ([@msv005-B11]; [@msv005-B12]). All these studies share the common problem of examining at most a few genetic loci, whose polymorphism or divergence might be skewed in an unknown but specific manner. In 2011, [@msv005-B55] obtained times for several speciation events among mammalian *Plasmodium* parasites by applying several methods to sequences from 45 nuclear loci. However, their study assumed that *P. falciparum* and *P. reichenowi* cospeciated with their respective mammalian hosts, which may not be accurate ([@msv005-B36]).

Here, we approached the problem differently. *P. vivax* and *P. knowlesi* have virtually closed genome assemblies and are sufficiently closely related to avoid saturation of synonymous sites. Over 2,800 protein-coding nuclear genes can be reliably aligned between these species in an automated fashion, resulting in a highly accurate estimate of synonymous substitutions rate per site between the two species (*d*~S\ (Pv--Pk)~). We calibrated *d*~S\ (Pv--Pk)~ with two eukaryotic rates of synonymous substitution per site per year, one obtained from *Drosophila* ([@msv005-B35]) and one a rough average value for metazoans ([@msv005-B38]), to obtain an estimate of the divergence time between the two *Plasmodium* species. Because the evolution rate per year in *Drosophila* (*d*~S~ ∼ 1.5 × 10^−8^) is among the fastest ever found among eukaryotes, and *Plasmodium* is unlikely to evolve slower that the average metazoan, these two estimates can be regarded as reasonable upper and lower boundaries for the divergence time between *P. vivax* and *P. knowlesi*. Recent mutation accumulation experiments have documented per generation mutation rates for *Plasmodium* in par with those observed for yeast, *Drosophila* and humans ([@msv005-B1]), although it remains unclear how this translates to substitution rates. It is also noteworthy that the closest eukaryotic taxon to the Apicomplexa with a significant fossil record, the diatoms, have an estimated *d*~S~ ∼ 6.5--8.7 × 10^−9^ ([@msv005-B57]), which overlaps with the more conservative metazoan rate estimate. Finally, we had the relative divergence time between species pairs from the correlations of hundreds to thousands of genes, so the divergence times between *P. vivax* and *P. knowlesi* permitted us to estimate the corresponding absolute divergence times.

Five new putative species of *Plasmodium* closely related to *P. falciparum* and *P. reichenowi* have recently been discovered, all of which infect chimpanzees or gorillas ([@msv005-B46]; [@msv005-B9]; [@msv005-B33]; [@msv005-B36]; [@msv005-B49]), bringing to seven the number of identified species in the *Laverania* subgenus ([@msv005-B50]). This is a crucial finding for the study of malaria, as these species will provide context for the biology and evolution of *P. falciparum*, the most deadly of the human *Plasmodium* parasites. So far only data for mitochondrial loci have been published, but soon the defining characteristics of each species will be identified from the nuclear genome, such as differences in genome sequence and structure, gene composition, and sequence divergence. Of particular interest will be the evolution of genes involved in adhesion and invasion of the host cell, and those responsible for evasion of the host immune system. The age of the species will provide the defining rate of evolution of these pathogenesis traits. The mitochondrial data suggest that the common origin of the seven great ape parasites is roughly two to three times older than the split of *P. falciparum* from *P. reichenowi* ([@msv005-B50]), although data from many nuclear loci will be necessary to determine this with higher accuracy. Based on our estimate of the *P. falciparum--P. reichenowi* split, the mitochondrial data place the origin of the *Laverania* subgenus at approximately 9--16 My old. This suggests that the diversification of these parasites is contemporaneous with that of the Homininae subfamily (containing humans, chimpanzees, bonobos, and gorillas), which took place in the past 15 My ([@msv005-B51]; [@msv005-B70]; [@msv005-B25]).

A recent study based on the mitochondrial gene cytochrome *b* estimated the split between *P. falciparum* and *P. reichenowi* at 2.5 Ma and the origin of all mammalian *Plasmodium* at less than 13 Ma ([@msv005-B53]). If the mitochondrial estimates are correct, the greater part of mammalian evolution must have occurred in a context devoid of *Plasmodium*. More importantly from a human health perspective, the mitochondrial estimates imply unusually high rates of molecular evolution, host switching, and speciation as defining characteristics of *Plasmodium*. However, estimates based on mitochondrial data may be unreliable because the *Plasmodium* mitochondrial genome has an extremely biased nucleotide composition (27.2% GC overall, 13.7% GC in third codon positions) and a high saturation rate ([@msv005-B41]). Our results support this conclusion by showing that for very recent divergences, where substitution saturation is rare, our study generally confirmed the age estimates (e.g., age of *P. falciparum--P. reichenowi* split), but that for older divergences there were sharp differences, such as the greater than 5-fold difference for the origin of mammalian *Plasmodium*. On the other hand, if the mitochondrial estimates are correct, they imply that the amino acid substitution rate in *Plasmodium* nuclear proteins decreased sharply through time, a phenomenon for which there is no seeming explanation.

Overall, our results indicate that mammalian-infecting *Plasmodium* species have broadly coexisted, and perhaps coevolved, with their mammalian hosts. Even though the transmission of *Plasmodium* between humans and other primates has been documented ([@msv005-B6]; [@msv005-B33]; [@msv005-B36]), there is no evidence that this was a common event on an evolutionary scale ([@msv005-B65]).

There is evidence that malaria has had a substantial impact on recent human evolution ([@msv005-B34]), and conversely that *Plasmodium* is under strong pressure exerted by its host ([@msv005-B39]). Our results strengthen the hypothesis that the mammalian lineage carried malaria parasites long before the infection of humans, as suggested by the rapid coevolution of surface glycoproteins on red blood cells and their *Plasmodium*-encoded ligands ([@msv005-B66]). Interestingly, the two best-studied mammalian immune systems, those of human and the house mouse (*Mus musculus*), have many known differences, several of which involve defense mechanisms implicated in the response to malaria ([@msv005-B5]), including the differential expansion and deletion of various sets of natural killer cell receptors ([@msv005-B21]) and mannose-binding lectins ([@msv005-B54]), differences between the roles of CD3γ and CD3δ ([@msv005-B15]), and differences in the structure of the splenic marginal zone ([@msv005-B58]). Thus, some of the distinctive immune mechanisms in different mammalian lineages may reflect a lengthy coevolution with a unique set of malaria parasites.

Materials and Methods
=====================

Data
----

The genomic files for the seven *Plasmodium* species were downloaded from PlasmoDB 5.5. GFF files describing gene, protein, coding sequences (CDS) and exon features were also downloaded for all six annotated species, *P. berghei* (*Pb*), *P. chabaudi* (*Pc*), *P. falciparum* (*Pf*), *P. knowlesi* (*Pk*), *P. vivax* (*Pv*), and *P. yoelii* (*Py*). Protein sequences and CDS chromosome coordinates were compared using in-house scripts, and reconciled when possible. The *P. reichenowi* (*Pr*) genome did not have an associated annotation, and a putative gene set was derived based on the *P. falciparum* gene set. We used PASA ([@msv005-B19]) to generate a gene set for *P. reichenowi*, using the *P. falciparum* gene set as a proxy for full-length transcript data, and requiring ≥90% nucleotide identity over ≥90% of the length of the gene. This recovered 698 putative proteins. We defined COGs (clusters of orthologous genes) based on our comparative pipeline, which starts with BLASTP to find matches among protein sequences within and across species. We used the BLOSUM62 matrix with expected value 10^−5^. Jaccard clustering was then performed twice, once to form within-species clusters of paralogous genes and a second time to derive a set of multispecies COGs. In the first case, we used an 80% identity cutoff and a link score of 0.6. In the second, we set a Jaccard coefficient cutoff of 0 for edge pruning. Genes within a COG were aligned with ClustalW, with default parameters.

For each of the five pairwise data sets, or lineages ([fig. 2](#msv005-F2){ref-type="fig"}), we retained only those genes satisfying the following conditions: 1) the genes have no paralogs in either species; 2) the genes and respective proteins have no irreconcilable differences stemming from incorrect annotation (see previous paragraph); and 3) the protein sequence lengths in the two species are within 10% of each other. The conditions minimize errors in estimated evolutionary rates due to paralogy, incorrect inferences of orthology, annotation errors, or gap-induced misalignments. The resulting five HQ data sets contained the following numbers of genes successfully paired between the corresponding species: *Pv--Pk*, 2827; *Py--Pc*, 853; *Py--Pb*, 1,220; *Pf--Pr*, 454; and *Pf--Py*, 1,400. [Table 2](#msv005-T2){ref-type="table"} displays results for four regressions using genes present in both the *Pv--Pk* HQ data set and each of the other HQ data sets, in turn.

Molecular Evolution
-------------------

Amino acid sequence divergence (*d*~AA~) was estimated using the JTT-F model of evolution implemented in the program codeml from the PAML package ([@msv005-B69]). IDEA ([@msv005-B10]) was used to launch and monitor the PAML analyses and to distribute the computations across a grid of computers.

TLS Regression
--------------

Unlike the true amino acid sequence distances $d(m_{1},m_{2};g)$ and $d(m_{3},m_{4};g)$, the observed distances $D(m_{1},m_{2};g)$ and $D(m_{3},m_{4};g)$ contain noise, because the corresponding mutational processes are random. The taxon pairs $(m_{1},m_{2})$ and $(m_{3},m_{4})$ were chosen to correspond to separate tree-paths in the phylogenetic tree, thereby justifying the assumption that the two random mutational processes differentiating each taxon pair are independent. To simplify the notation and to prepare for a regression, fix the malarial species $m_{1},m_{2},m_{3}$, and $m_{4}$, so $\alpha = \alpha(m_{1},m_{2};m_{3},m_{4})$ is a constant. Let $X_{g} = D(m_{1},m_{2};g)$ and $Y_{g} = D(m_{3},m_{4};g)$ denote the estimated sequence distances, ranging over the genes $g$ common to $m_{1},m_{2},m_{3}$, and $m_{4}$. Similarly, let $x_{g} = d(m_{1},m_{2};g)$ and $Y_{g} = d(m_{3},m_{4};g)$ denote the true sequence distances. Our null hypothesis rests on the assumption that $y_{g} = \alpha x_{g}$ in [equation (3)](#msv005-M3){ref-type="disp-formula"}. Under its evolutionary models, PAML ([@msv005-B69]) estimates the amino acid sequence divergences $(X_{g},Y_{g})$ with maximum likelihood (ML), deriving the corresponding error estimates $(S_{x,g},S_{y,g})$ from observed Fisher information ([@msv005-B31]). We applied TLS regression to find $\left\{ {\hat{x}}_{g} \right\}$ and $\hat{\alpha}$ minimizing the sum $${\sum\limits_{g = 1}^{G}\left\lbrack {\frac{{(X_{g} - x_{g})}^{2}}{2s_{x,g}^{2}} + \frac{{(Y_{g} - \alpha_{g})}^{2}}{2s_{y,g}^{2}}} \right\rbrack},$$ where the sum is restricted to those genes $g = 1,\ldots,G$ satisfying the cutoffs $X_{g}/s_{x,g} \geq 2$ and $Y_{g}/s_{x,g} \geq 2$. A confidence interval for *α* was then obtained by bootstrapping the residuals $({\hat{x}}_{g} - X_{g})/s_{x,g}$ and $({\hat{y}}_{g} - Y_{g})/s_{x,g}$.

Derivation of the TLS Regression in [Equation (4)](#msv005-M4){ref-type="disp-formula"}
---------------------------------------------------------------------------------------

PAML produces its ML estimation (MLE) $X_{g} = D(m_{1},m_{2};g)$ of a sequence distance $x_{g} = d(m_{1},m_{2};g)$ from a log-likelihood λ(*X~g~*\|*x~g~*), which corresponds to a particular random model of evolution. Under our null model $y_{g} = \alpha x_{g}$, the evolutionary model also specifies $\lambda(Y_{g}|y_{g}) = \lambda(Y_{g}|\alpha x_{g})$. Thus, the log-likelihood of the pertinent data is $$\lambda(\textbf{X},\textbf{Y};\alpha) = {\sum\limits_{(g)}\left\lbrack {\lambda\left( {X_{g}|x_{g}} \right) + \lambda\left( {Y_{g}|\alpha x_{g}} \right)} \right\rbrack},$$ as a function of $\alpha$, where the sum is over all genes $g$ common to $m_{1},m_{2},m_{3},$ and $m_{4}$. The likelihood in [equation (5)](#msv005-M5){ref-type="disp-formula"} specifies our statistical null model completely.

Unfortunately, PAML does not evaluate the log-likelihoods $\lambda\left( {X_{g}|x_{g}} \right)$ and $\lambda\left( {Y_{g}|y_{g}} \right) = \lambda\left( {Y_{g}|\alpha x_{g}} \right)$. Instead, PAML reports MLEs $\left( {X_{g},Y_{g}} \right)$ maximizing the individual terms $\lambda\left( {X_{g}|x_{g}} \right)$ and $\lambda\left( {Y_{g}|y_{g}} \right)$, along with error estimates $\left( {s_{x,g},s_{y,g}} \right)$ derived from observed Fisher information ([@msv005-B31]).

To exploit this reduced information as much as possible, approximate $X_{g}$ as a normal variate with its mean $x_{g}$ unknown and known standard deviation $s_{x,g}$, so $$\lambda\left( {X_{g}|x_{g}} \right) \approx \overset{\sim}{\lambda}\left( {X_{g}|x_{g}} \right) = \frac{1}{2}\ln(2\pi) - \left( {X_{g} - x_{g}} \right)^{2}/\left( {2s_{x,g}^{2}} \right),$$ and similarly for $Y_{g}$. The substitution of the quadratic approximation $\lambda_{2}$ for $\lambda$ in [equation (5)](#msv005-M5){ref-type="disp-formula"} leads to the problem of maximizing $$\overset{\sim}{\lambda}\left( {\textbf{X,Y};\alpha} \right) = {\sum\limits_{(g)}\left\lbrack {\frac{\left( {X_{g} - x_{g}} \right)^{2}}{2s_{x,g}^{2}} + \frac{\left( {Y_{g} - \alpha x_{g}} \right)^{2}}{2s_{x,g}^{2}}} \right\rbrack},$$ where the sum is over all genes $g$ common to $m_{1},m_{2},m_{3}$, and $m_{4}$, a maximization almost equivalent to the TLS regression in [equation (4)](#msv005-M4){ref-type="disp-formula"}. The rates of evolution $x_{g}$ and $y_{g} = \alpha x_{g}$ must be positive; however, so in practice, the normal approximation $\overset{\sim}{\lambda}(\textbf{X,Y};\alpha)$ becomes problematic when it puts appreciable probability mass on negative values, skewing the TLS fit.

For any gene $g$, and for $X_{g} < 0$ or $Y_{g} < 0$, the true (unknown) likelihoods $\lambda\left( {X_{g}|x_{g}} \right)$ and $\lambda\left( {Y_{g}|y_{g}} \right)$ are 0. The normal approximation therefore overestimates the true likelihood near $X_{g} = 0$ or $Y_{g} = 0$. Hence, if $X_{g}/s_{x,g}$ or $Y_{g}/s_{y,g}$ is small, the normal approximation might be inaccurate. In addition, from a scientific perspective, the gene $g$ is of little interest, because it might not have evolved much. It therefore seems advisable to exclude $g$ from the TLS fit. The $R^{2}$-statistic, the estimated fraction of the variation in the data that the regression explains, is then a conservative underestimate.

Accordingly, we applied a cutoff $X_{g}/s_{x,g} \geq 2$ or $Y_{g}/s_{x,g} \geq 2$, dropping any gene $g$ where the normal approximation in [equation (7)](#msv005-M7){ref-type="disp-formula"} has more than 5% of either marginal probability on the negative numbers, arriving at the TLS regression in [equation (4)](#msv005-M4){ref-type="disp-formula"}.

The bootstrap yields an approximate confidence interval for $\alpha$, as follows. Under the null hypothesis, the normalized residuals $r_{x,g} = \left( {X_{g} - {\hat{x}}_{g}} \right)/s_{x,g}$ and $r_{y,g} = \left( {Y_{g} - {\hat{y}}_{g}} \right)/s_{y,g}$ can be bootstrapped to approximate the variance of $\alpha$ in the original sample, as follows. Let $\pi$ and $\widetilde{\pi}$ denote permutations of the $G$ usable genes (the genes $g = 1,\ldots,G$ with $X_{g}/s_{x,g} \geq 2$ and $Y_{g}/s_{x,g} \geq 2$). For 10,000 uniformly random pairs of independent permutations $\pi$ and $\pi^{\prime}$, we calculated a TLS regression slope $\alpha^{*}$ by bootstrapping the residuals $r_{x,g}$ and $r_{y,g}$ to produce values $X_{g}^{*} = x_{g} + r_{x,\pi g}$ and $Y_{g}^{*} = y_{g} + r_{x,\overset{\sim}{\pi}g}$. The normal approximation and the bootstrapped sample standard deviation $s_{\alpha}^{*}$ of the values $\left\{ \alpha^{*} \right\}$ gave an estimated 95% confidence interval $\left\lbrack {\alpha - z_{0.025}s_{\alpha}^{*},\alpha + z_{0.025}s_{\alpha}^{*}} \right\rbrack$ for $\alpha$.

The Fraction of Variation in the Data Explained by TLS Regression
-----------------------------------------------------------------

To assess the extent to which *Plasmodium* amino acid substitution rates conform to a molecular clock model, we quantify the strength of the relationship between substitution rates in the various lineages. This can be measured by $\rho$, the correlation between $x_{g}$ and $y_{g}$ over all genes $g = 1,\ldots,G$. We cannot observe $x_{g}$ and $y_{g}$ directly, but rather we observe $X_{g}$ and $Y_{g}$, which incorporate measurement errors corresponding to the variance $s_{x,g}^{2}$ and $s_{y,g}^{2}$, respectively.

To estimate $\rho$, we compute the disattenuated correlation ${\hat{\rho}}_{att}$, which estimates the correlation between the underlying variables $x_{g}$ and $y_{g}$ by compensating for the attenuation in the correlation introduced by the measurement error in $X_{g}$ and $Y_{g}$. Define the weights $w_{g} = 1/\left( {s_{x,g}s_{y,g}} \right)$ and corresponding probabilities $p_{g} = w_{g}/{\sum_{g = 1}^{G}{(g = 1,\ldots,G)}}$, which define a "weighted empirical distribution" over the points $\left( {X_{g},Y_{g}} \right)$. Let $\hat{\mathsf{E}}$ denote expectation under the weighted empirical distribution. The disattenuated correlation is $${\hat{\rho}}_{att} = \frac{\hat{\mathsf{E}}\left\lbrack {X_{g}Y_{g}} \right\rbrack - \hat{\mathsf{E}}X_{g}\hat{\mathsf{E}}Y_{g}}{\left\{ {\hat{\mathsf{E}}\left\lbrack {\left( {X_{g} - \hat{\mathsf{E}}X_{g}} \right)^{2} - s_{x,g}^{2}} \right\rbrack\hat{\mathsf{E}}\left\lbrack {\left( {Y_{g} - \hat{\mathsf{E}}Y_{g}} \right)^{2} - s_{x,g}^{2}} \right\rbrack^{1/2}} \right\}},$$

In the case of identical weights (where, without loss of generality, $w_{g} = 1$), ${\hat{\rho}}_{att}$ is a consistent estimator of $\rho$ ([@msv005-B56]), so the standard method of replicating unweighted data points to approximate a particular weighted distribution shows that despite using weights, ${\hat{\rho}}_{att}$ in [equation (8)](#msv005-M8){ref-type="disp-formula"} is also a consistent estimator of $\hat{\rho}$. Bootstrapping simulations suggest that when compared with identical weights, the weights $w_{g} = 1/\left( {s_{x,g}s_{y,g}} \right)$ dramatically decrease the variance of the estimate ${\hat{\rho}}_{att}$ (data not shown). To convert the correlation ${\hat{\rho}}_{att}$ into the more familiar language of regression, we compute the $R^{2}$-statistic ${\hat{\rho}}_{att}$, which corresponds to the fraction of the variance in one variable explained by dependence on the other variable. This method was implemented in *R*. Source code available from the authors upon request.

Supplementary Material
======================

[Supplementary table S1--S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) and [methods S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv005/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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[^5]: ^b^Relative age of the most recent common ancestor (MRCA) of *P. vivax* and *P. knowlesi* (Pv--Pk), in relation to the age of the MRCA of other species pairs, obtained from the slope, *α*, of the TLS regression; the 95% confidence intervals (CI) were obtained by bootstrap (Materials and Methods).

[^6]: ^c^The absolute age of the MRCA of *P. vivax* and *P. knowlesi* was obtained by calibrating the median value of *d*~S~ (0.55 ± 0.0063; first quartile *d*~S~ = 0.39; third quartile *d*~S~ = 0.81) between the two species, obtained from 3,324 single-copy protein-coding genes ([@msv005-B3]), with the average rate of evolution of synonymous sites in *Drosophila* (1.5 × 10^−8^/site/year; [@msv005-B35]) and in metazoans (8.1 × 10^−9^/site/year; [@msv005-B38]).
